Intact cells of marine pseudomonad B-16 (ATCC 19855) which 
envelopes at low salt concentration (1, 2, 3) . When cells of a marine pseudomonad were suspended repeatedly in a concentration of sucrose sufficient to prevent lysis, electron microscopy revealed that the outer double-track layer (cell wall membrane) of this gram-negative bacterium separated from the cells and could be recovered as fragments in the suspending medium (4) . Observations such as these led to the conclusion that inorganic ions protect marine bacterial cells against lysis primarily through their capacity to interact with cell envelope components, thereby increasing the mechanical strength of the cell wall (3, 4) . These observations were confirmed and extended by DeVoe and Oginsky (5, 6) who found that the susceptibility of cells of a marine pseudomonad to lysis in distilled water was conditioned by the salt composition of the medium to which the cells were preexposed. Cells which had been suspended in a MgCl2 solution failed to lyse on subsequent suspension in distilled water, but did lyse if Na+ was present in the solution in addition to Mg2+. Since Na+ could displace Mg2+ from isolated envelopes of the marine pseudomonad, it was concluded that the two ions competed for anionic sites in the cell envelope.
Unemoto et al. (21) observed that the amount of K+ required to prevent lysis of the marine bacterium Vibrio alginolyticus decreased as the internal solute concentration decreased and concluded that K+ prevented lysis by balancing the internal osmotic pressure in the cells. Since the amount of Na+ required to prevent lysis did not vary with the internal solute concentration, they concluded that Na+ in contrast to K+ protected the cells against lysis by interacting with and thereby adding to the strength of the cell envelope of the organism.
Procedures have been devised to separate sequentially and isolate the various layers of the cell envelope of marine pseudomonad B-16 (8) . This capability has presented us with an opportunity to assess the extent of the contribution of each of the envelope layers to the mechanical strength of the wall in the presence of various salts.
MATERIALS AND METHODS Organism. The organism used in this study was marine pseudomonad B-16 (ATCC 19855, NCMB 19 ).
This bacterium has been named Alteromonas haloplanktis by Reichelt and Baumann (19) . A number of variants of this organism have been recognized (11) . The variant used in this study was variant 1. The methods used to maintain the organisms have been described (11) .
Growth conditions. The organism was grown in a basal medium containing 0.8% nutrient broth (Difco) and 0.5% yeast extract (Difco) in a salt solution consisting of 0.2 M NaCl, 0.05 M MgSO4-7H,0, 0.01 M KCI, and 0.1 mM FeSO,(NH4)2SO4.
Preparation of cells and cell forms for lytic studies. Cells were prepared for lytic susceptibility tests by suspending in and centrifuging from volumes of washing solution equal to the volume of growth medium three times. Unless otherwise stated, the washing solution was 0.5 M NaCl. Mureinoplasts and protoplasts were prepared by slight modifications of procedures which have been described (8) . Mureinoplasts were obtained by washing cells first with 0.5 M NaCl three times followed by three suspensions in and centrifugations from 0.5 M sucrose. Protoplasts were prepared by suspending mureinoplasts at 15 to 20 mg (dry weight) per ml in a solution containing 0.05 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 8.0), 0.005 M ethylenediaminetetraacetic acid (EDTA), and 300 ug of lysozyme per ml in 0.5 M sucrose.
Lytic susceptibility tests. For studies of lytic susceptibility, suspensions of intact cells, mureinoplasts or protoplasts were adjusted to contain the equivalent of 0.6 to 0.8 mg (dry weight) of cells per ml. A 1:25 dilution of the suspension was then made in-the test system and the turbidity measured at 420 nm after 5 min. The suspension was then centrifuged at 10,000 x g for 15 min and the absorbancy of the supernatant solution at 260 nm was determined.
Isolation of envelope layers. The loosely bound outer layer, the outer membrane (outer double-track layer), the periplasmic space (underlying) layer, the peptidoglycan layer, and the cytoplasmic membrane were isolated essentially as described previously (8) (9) (10) 18 The dialyzed samples were wet ashed with HClO4 using a slight modification of a procedure described by Sanui and Pace (20) . Na+ and K+ were determined by flame photometry, Mg2+ by atomic absorption spectrophotometry using a Zeiss PMQ II spectrophotometer with flame and atomic absorption attachments.
Determination of hexosamine. The procedure used to hydrolyze the samples and determine hexosamine has been described (8) .
RESULTS
Comparative lytic susceptibility of intact cells, mureinoplasts and protoplasts. When cells of marine pseudomonad B-16 are washed free of medium components with 0.5 M NaCl the loosely bound outer layer of the cells is removed (8) . Since the cells are fully viable after this treatment and in the form used in previous lytic studies (17) such cells were considered to be intact and served as the starting point in the present investigation.
The comparative lytic susceptibility of intact cells, mureinoplasts, and protoplasts in the presence of NaCl was compared by determining the concentration of NaCl at which a marked decrease in turbidity of suspensions of the cell forms and increase in ultraviolet (UV) absorbance of the corresponding supernatant solutions occurred (Fig. 1) . The results show that only slightly more NaCl was required to prevent the lysis of mureinoplasts than intact cells. Since to produce mureinoplasts, the two outer layers of the cell wall must be removed, it is evident that these two outer layers contribute little, in the presence of NaCl, to the prevention of lysis of the cells. Protoplasts, on the other hand, required appreciably more NaCl to prevent them from lysing than did the other two cell forms. Since mureinoplasts are converted to protoplasts by removing peptidoglycan from the surface of the mureinoplasts (8), the increase in the requirement for NaCl to prevent the lysis of the protoplasts can be ascribed to the loss of the peptidoglycan layer.
Previous studies have shown that more KCl than NaCl is required to prevent the lysis of intact cells of various marine bacteria (17, 21) . The results, using turbidity measurements ( Fig.  2A amount. Though not shown, the concentrations of sucrose at which decreases in turbidity occurred were found to correspond to the concentrations at which increases in UV absorbance of the supernatant solutions took place. The results indicate that lower osmolar concentrations of sucrose than either NaCl or KCl are required to prevent the lysis of the various cell forms, particularly the protoplasts.
Mg2+ and other divalent cations prevent lysis of intact cells of the marine pseudomonad at 0.01 of the concentration of salts of the monovalent cations (16) . The results in Fig. 3 show that mureinoplasts required only slightly more but protoplasts required 200-to 300-fold more Mg2+ than did intact cells to prevent lysis. In the case of protoplasts the amount of Mg2+ and Na+ needed to prevent lysis was nearly the same.
Conversion of mureinoplasts to protoplasts. In the absence of EDTA and Tris-hydrochloride buffer the conversion of mureinoplasts to protoplasts by lysozyme required 5 h of incubation to reach approximately 90% completion. In the presence of EDTA and Tris-hydrothloride buffer conversion was essentially complete in 20 min. This observation suggested that even though the three outer layers of the cell wall had been removed in the formation of the mureinoplasts there was still a barrier to the action of lysozyme on the peptidoglycan layer of these forms that was removable by adding EDTA and Tris-hydrochloride buffer. (Table 1) show that most (81%) of the hexosamine was lost when the cells were converted to mureinoplasts. Another 8% was lost, however, after treatment of the mureinoplasts with EDTA in the presence of When the test solution was 0.5 M NaCl (Fig. 5) , the suspensions maintained a constant turbidity after each successive suspension in the NaCl solution and there was a negligible release of UV-absorbing material. When these cells were transferred to distilled water there was a decrease in turbidity of the suspension and a corresponding increase in the UV absorption of the supernatant solution, indicating that lysis of the cells had occurred.
When the test solution was the Complete salts solution (Fig. 6 ), subsequent suspension in distilled water did not cause a large decrease in turbidity or release of UV-absorbing material. There was instead a decrease in turbidity to a value which remained nearly constant over five successive suspensions of the cells in distilled water and a small loss of UV-absorbing material which decreased on each suspension. Observation of the cells by phase contrast microscopy after the successive suspensions in distilled water revealed that the cells were still intact but that they had lost much of their opacity. After the cells had been suspended five times in distilled water they were resuspended in 0.5 M NaCl. On the first suspension there was a release of UV-absorbing material though little change in optical density. Subsequent suspen- sion of the cells in distilled water caused an additional release of UV-absorbing material and a further reduction of the optical density of the suspension.
A picture essentially identical to that shown in Fig. 6 Capacity of cell envelope layers to bind cations after exposure to distilled water. The previous experiments showed that cells which had been exposed to a solution containing a Mg2+ salt remained intact after subsequent repeated suspensions in distilled water, whereas those exposed to NaCl did not. To determine whether this phenomenon could be related to the ions bound to the various layers of the cell envelope after exposure to distilled water, the 2 0-iL- following experiment was performed. The various layers of the cell envelope were separated and isolated. Since the procedures used to obtain the layers would be expected to disturb the normal ionic relationships in the cell envelope, the layers after isolation were first equilibrated with salts by dialyzing against Complete salts solution before exposing the layers to distilled water. The effect of equilibrating the layers against the various individual components of the Complete salts solution before exposure to distilled water was also tested.
The results in Table 2 show that when the layers of the cell envelope were equilibrated with Complete salts solution all the layers except the cytoplasmic membrane contained appreciable amounts of Mg2+ after subsequent exposure to distilled water. When the layers were exposed to MgSO, alone at the concentration present in the Complete salts solution, the amount of Mg2+ which remained bound after dialysis of the layers against distilled water was not appreciably different from that of the layers equilibrated with Complete salts solution. Layers equilibrated with solutions of Na+ or K+ followed by dialysis with distilled water contained very little of either ion and even less Mg2+ than layers equilibrated with distilled water. This latter observation is particularly evident in the case of both the loosely bound outer layer and the peptidoglycan layer which still contained appreciable amounts of residual Mg2+ after isolation.
The results obtained with the loosely bound outer layer and the peptidoglycan layer indicate . Table 3 show that the Mg2+ bound to each of the two layers could indeed be displaced by dialysis with NaCl. The Na+ which replaces the Mg2+ is largely removed, however, by subsequent dialysis against distilled water. Previous studies have shown that when cell envelopes of this organism in NaCl are diluted with water the pH of the suspending medium rises (3). Thus, at low Na+ concentrations, Na+ is replaced by H+ as the counterion in the envelope layers.
When peptidoglycan was preloaded with Mg2+, the amount of Mg2+ still associated with the layer after 48 h of dialysis against distilled water was determined to be 0.41 ± 0.04 ,mol per mg ( Table 2 ). The results in Fig. 6 show that when intact cells of the organism were exposed to a solution containing Mg2+ the cells were still intact after five subsequent suspensions in distilled water. When isolated peptidoglycan was preloaded with Mg2+ and subjected to suspension in and centrifugation from distilled water five times, the amount of Mg2+ still associated with the peptidoglycan was found to be 0.37 4 0.02 ,umol per mg. This latter concentration was similar to the concentrations of NaCl or KCl required for the same purpose and suggests that all three salts prevent lysis of protoplasts largely by balancing their internal osmotic pressure. Comparison of the concentrations of the individual salts and sucrose to prevent the lysis of protoplasts indicates that somewhat higher osmotic pressures are required to prevent lysis when salts are the osmotic support than when sucrose is used. This suggests that the solutions of individual salts actually contribute to the fragility of the protoplasts. Previous studies have shown that protoplasts of this organism are most stable in balanced mixtures of salts, particularly those of Na+ and Mg2+ (7). Since protoplasts suspended in MgSO4 alone are only slightly less stable than when suspended in equiosmolar concentrations of sucrose, the 200-to 300-fold increase in the requirement for MgSO, to prevent lysis when mureinoplasts are converted to protoplasts cannot be ascribed to effects of the salt on the stability of the protoplasts. Rather, the change in requirement can be attributed to the removal of peptidoglycan which occurs when mureinoplasts are converted to protoplasts. The results indicate a specific interaction of Mg2+ with the murein layer of this organism. Previous studies have shown that the nature of the anion involved does not change the requirement for cations to prevent lysis (16) .
Treatment of mureinoplasts with EDTATris-hydrochloride released a small amount of hexosamine-containing material and increased the ease with which mureinoplasts are converted to protoplasts. The most likely explanation for these observations is that a small amount of the complex of lipid protein and carbohydrate found in the periplasmic space (9) remains attached to the surface of the mureinoplast, probably via divalent cation cross-links, when the outer layers of the cell wall are removed. This residual material is able to interfere with the ability of lysozyme to reach the peptidoglycan layer but does not change significantly the lytic response of the mureino- Loss of low molecular weight internal solutes through increased membrane permeability could lower the refractive index of the cells and hence the turbidity of their suspensions without lysis actually taking place.
When cells of the marine pseudomonad are exposed to solutions containing Mg2+, but not Na+ salts, they fail to lyse on subsequent suspension in distilled water. This confirms observations made with another marine bacterium (5) . The studies with the isolated cell wall layers show that when the layers are exposed to solutions containing Mg2+ salts they retain Mg2+ on subsequent suspension in distilled water, whereas layers exposed to Na+ or K+ salts do not. Furthermore, bound Mg2+ in the layers could be displaced by Na+ in confirmation of observations made previously with isolated envelopes of a marine bacterium (5). When Na+ displaced Mg2+ it could not be shown to have replaced Mg2+ in the cell envelope structures after the latter had been subsequently suspended in distilled water. This indicates that Mg2+ forms complexes with cell envelope structures which are not readily dissociable while Na+ forms ones which are. When both types of complex are suspended in water, the Mg2+ complexes are stable while the Na+ complexes hydrolyze.
Although Mg2+ can bind to all of the cell wall layers, the lytic studies with the various cell forms shows that it is the capacity of peptidoglycan to bind Mg2+ that is responsible for the capacity of Mg2+ at very low concentration to prevent cell lysis. The structure of the peptidoglycan of this marine bacterium has been shown to be typical of that of other gram-negative bacteria (10) . Although this structure contains a number of free amino and carboxyl groups in the peptide side chains, only those involving the carboxyl and amino groups of the diaminopimelic acid of one peptide side chain and the carboxyl and amino groups of the C terminal D-alanine of an adjacent side chain are in a position to form a bidentate chelate complex with Mg2+ (Fig. 7) . Such a complex would not only be extremely stable but would result in an increase in the extent of cross-linking and hence in the mechanical strength of the peptidogly- can. Analysis has shown that the peptidoglycan of marine pseudomonad B-16 is cross-linked by peptide bond formation to the extent of 45% (10) . The comparative lytic susceptibility of intact cells, mureinoplasts, and protoplasts in the presence of sucrose shown in Fig. 2B indicates that in the absence of Mg2+, the peptidoglycan layer of this organism has little intrinsic mechanical strength.
Although there is no direct evidence for the type of chelate complex proposed, it is of interest that there are enough uncross-linked residues of mesodiaminopimelic acid (0.45 ,umol/mg), hence terminal D-alanine residues, to bind in a chelate complex the amount of Mg2+ (0.41 + 0.04 umol/mg) which remains tightly bound to the peptidoglycan after exhaustive dialysis with water. Furthermore, such a chelate complex in the peptidoglycan molecule is steri-cally possible. Three-dimensional molecular models of bacterial cell wall peptidoglycans have been constructed (13) . Using an appropriate model it has been possible to show that Mg2+ can form a chelate complex with the peptidoglycan of the type shown in Fig. 5 .
If Mg2+ is involved in the cross-linking of the peptide subunits of the peptidoglycan of the marine pseudomonad, it is likely also to be involved in the cross-linking of the peptidoglycan of other organisms where the extent of cross-linking through peptide bond formation is less than 100%. Such cross-linking could be expected to contribute to the mechanical strength of the peptidoglycan of these organisms as well. In the case of the marine pseudomonad Mg2+ binding by the peptidoglycan is required to prevent lysis of cells in distilled water. For a terrestrial species Mg2+ binding by the cell wall appeared not to be necessary to prevent lysis (5) . The difference may lie in the relative amounts of peptidoglycan present in the marine and terrestrial species. Marine pseudomonad B-16 contains one-half as much peptidoglycan as is present in E. coli (10) . Thus it is possible that Mg2+ cross-linking is essential for cell integrity only when the amount of peptidoglycan present in the cell lies below a certain critical amount.
In sea water Mg2+ is present at 0.05 M and is the 4ivalent cfttion present in greatest amo4t (14) . About one-fifth as much Ca2+ is also present. Previous studies have shown that divalent cations prevent lysis of this marine pseudomonad roughly in proportion to their capacity to form chelate complexes (16) . It is thus likely that under natural conditions, other divalent cations besides Mg2+ are also involved in forming chelate complexes with the peptidoglycan layer of this organism.
